Total and particulate organic matter content in different aggregate sizes can be used as an indicator of land use effect. We hypothesized that tillage reduction increases total (SOC) and particulate soil organic C (POC) contents and the stability of larger aggregates of high-SOC-content Mollisols. Three management systems (continuous pasture (Pp), and continuous cropping under conventional tillage (CT) and notillage (NT)) were evaluated. Oven dried soil samples (0-5 and 5-20 cm), were wet sieved through 2000, 250 and 50 µm sieves after immersion (IW) and capillary (CW) wetting. Particulate organic matter (>50 µm) was separated in both the whole soil and in each aggregate fraction, SOC and mineral associated organic C contents were determined, and POC was calculated by subtraction. Reduced soil disturbance (Pp and NT) yielded more SOC and POC in the whole soil and macroaggregates with higher stability (Pp>NT>CT). Under Pp, macroaggregates showed the highest SOC and POC. Under NT, macroaggregates showed higher SOC and POC and aggregate stability than CT though lower than Pp. Less tillage-induced disruption (Pp and NT) led to higher SOC and POC contents in more stable macroaggregates but continuous no-tillage appeared not to be enough to reverse the effects of long lasting conventional management practices on these Mollisols.
Introduction
Soil organic matter is one of the most important soil components, which determines most of soil quality (Carter, 2002) . However, soil organic matter is highly sensitive to management practices (Wander, 2004) and its dynamics (Janzen, 2006) , and consequently soil health, can be affected by how the soil is used. An increase in soil organic matter content helps reversing land degradation and often increases soil fertility and crop production (Weil and Magdoff, 2004) .
Soil organic matter content reflects the balance between the humification and mineralization processes.
Cropping-related decreases are directly proportional to the intensity of tillage operations (Janzen, 2006; Varvel and Wilhelm, 2010) and inversely proportional to the amount of residues returned to the soil (Kong et al., 2005; Domínguez et al., 2009; Varvel and Wilhelm, 2010) . Residue amount and quality, timing as well as the way in which they are returned to the soil, and the factors that influence their transformation, can be managed through tillage operations and crop combinations (Janzen, 2006) .
Particulate organic matter is a labile fraction constituted by partially decomposed plant material, fungal hyphae, spores, and pollen grains, with a particle size ranging between 50 and 2000 µm (Wander, 2004) .
This fraction has a fast recycling rate and is associated with soil microbial activity and soil particle aggregation and aggregate stability (Six et al., 1998; 2000b) .
Thus, particulate organic matter is very sensitive to the changes produced by soil use and, therefore, its variation throughout time is more indicative of the effect of management practices than total organic matter (Carter, 2002; Fabrizzi et al., 2003) . Likewise, its content can indicate the size of the easily mineralizable organic compartment and thus contribute to estimate potential nutrient (e.g. N) supply by soil (Álvarez and Álvarez, 2000; Fabrizzi et al., 2003; Oorts et al., 2007) . Soil organic matter is present both in inter-aggregate and in intra-aggregate spaces. Intra-aggregate organic matter is incorporated during the macro-and microaggregate formation process and is physically stabilized within them (Six et al., 2002; Oorts et al., 2007) . Whether organic matter is located among aggregates or within them determines how easily it can be reached by microorganisms (Six et al., 2002) and, therefore, its mineralization rate (Cambardella and Elliott, 1993; Six et al., 2000a) .
It has been postulated that microaggregates are formed mainly within macroaggregates. If macroaggregates are not disturbed, decomposing and fragmented organic material (particulate organic matter) within them would be gradually embedded with clay particles and microbial products, giving rise to new microaggregates in their interior. When cementing agents suffer microbial degradation and/or other breakdown action takes place, macroaggregates split apart freeing stable microaggregates which, if adequate conditions are present, afterwards join together again to form new macroaggregates. This recycling process is crucial to define both macroaggregate stability and soil organic matter protection within them (Six et al., 1998) . Soil tillage causes physical disruption of macroaggregates thereby altering their formation cycle, thus increasing the loss of labile fractions (e.g. particulate organic matter) occluded within them (Six et al., 1998; Oorts et al., 2007) and reducing their stability, regardless of soil organic matter content (Eiza et al., 2006) . Aggregate stability decrease due to tillage is more pronounced for macroaggregates than for microaggregates. Macro-and microaggregate proportions in the soil and water stable aggregate size distribution are directly related to the intensity of disruption and rapidly respond to the aggressiveness and changes in Organic matter distribution in aggregate sizes soil management practices (Six et al., 2000b) . Notillage leads to improved soil aggregation (Six et al., 1998; Oorts et al., 2007) and aggregate stability (Six et al., 2000b; Eiza et al., 2006) since it reduces physical disruption and promotes total and particulate soil organic matter accumulation, especially in surface layers (Puget and Lal, 2005) .
Mollisols of the Southeastern area of Buenos Aires province, Argentina, show, in general, a loamy texture and a high soil organic matter content. However, long-term cropping has produced a decrease in both its labile and humified fractions and has modified their proportion in soil (Fabrizzi et al., 2003; Eiza et al., 2005; Sainz-Rozas et al., 2011) . However, it has been demonstrated that, by conducting a thorough selection of crops and tillage operations, soil organic matter loss rates can be reduced regardless of the tillage system employed (Domínguez et al., 2009) . Nevertheless, despite the scarce differences reported in total and particulate soil organic matter contents between no-tillage and conventional tillage with careful management (Diovisalvi et al., 2008; Domínguez et al., 2009) , differences in crop behavior between notillage and conventional tillage are important mainly due to differences in N availability (Diovisalvi et al., 2008; Domínguez et al., 2009) . This suggests that, although contrasting tillage systems do not differentially affect soil organic matter content of these soils, they do lead to different distribution of its labile fractions among aggregate categories with different aggregate stability affecting their exposure to mineralization. Therefore, it would be important to understand how different management systems modify soil organic matter allocation to aggregates having different size and stability. This would contribute to tillage selection decisions aimed at managing soil organic matter accumulation or loss and aggregate stability. Besides, changes in soil organic matter and aggregate stability are closely related to soil ability to supply N to crops and, consequently, its understanding and knowledge could be a sound contribution to finely tuning N fertility diagnose methods for an environmentally safe N fertilizer utilization.
We hypothesized that tillage reduction increases total and particulate soil organic matter contents and promotes the allocation of a larger proportion of them to larger aggregates, hence improving their stability. 
Material and Methods

Study site
The experiment was carried out with soil samples tak- pasture -75% cropping under conventional tillage and under no-tillage. Given the fact it has been shown that there has been no difference in soil organic content due to N fertilization (Studdert et al., 1997; Eiza et al., 2005; Domínguez et al., 2009) , and that the In both cases (CW and IW), the sieving process was started 5 min after submerging the aggregates in water.
Each sieving was performed by moving the sieve up and down 3 cm submerged in water at a rate of 50 cycles in 2 min. In order to ensure the homogeneity of the process for all sievings, a mechanical device was especially built for this purpose. The first sieving was done with the 2000 µm sieve and, after the sieving time, the aggregates that remained on it were backwashed off the sieve into a plastic pot and 5 mL of 2 N calcium chloride solution were added to speed up soil flocculation. On the other hand, the water containing soil that passed the 2000 µm sieve was carefully poured through the 250 µm sieve and afterwards, the sieving process and the back washing was done as described above. The same process was repeated through the 50 µm sieve and the fraction that passed this sieve was discarded. After 24 h, the supernatant in the plastic pots was extracted with a vacuum pump and the soil dried in a forced-air oven at 50 °C up to constant weight. The weight of the fraction <50 µm was obtained by calculating the difference between the initial amount of aggregates (100 g) and the summation of the weights of the other fractions (>2000, 250-2000, and 50-250 µm). Given the fact that the soil under study does not contain coarse sand (INTA, 1979) and that there were no texture differences neither among management systems nor between depths (data not shown), aggregate size weights were not corrected by sand content as indicated by Six et al. (1998) .
An aggregate stability indicator could be calcu- ). The difference between MWD for CW and for IW is the change in MWD (ΔMWD) and was used as an indicator of aggregate stability.
Soil organic matter analysis
The particulate soil fraction (>50 µm, particulate organic matter + sand) was separated by wet sieving (Cambardella and Elliott, 1992) aggregates). Since the <50 µm aggregate size fraction was not recovered, its absolute C concentration could not be determined.
Results were statistically analyzed through analysis of variance with a mixed model where management system and aggregate size fraction were fixed effects, and block was the random effect. The MIXED procedure of the Statistical Analysis System (SAS) (Litell et al., 2006 ) was used. The significance level was set to 5%. When the analysis of variance showed the existence of significant differences means were compared using the least significant difference test.
Results and discussion
Aggregate size distribution and stability
Aggregate size distribution after CW ( Figure 1A) showed a different pattern than after IW ( Figure 1B ).
In general, after CW aggregate size distribution was skewed towards larger size aggregates (macroaggregates, >250 µm), whereas after IW, it was skewed Cambardella and Elliott (1993) , the <50 µm fraction was very small, being Pp < NT < CT and CT significantly higher in all cases ( Figure   1A and 1B). Likewise, the difference in this fraction between wetting procedures was scarce ( Figure 1C ).
Hence, changes in aggregate size distribution due to IW resulted in an increment of the 50-250 µm fraction but not in the <50 µm fraction, which confirms that microaggregates are much more stable than macroaggregates (Cambardella and Elliott, 1993) .
In all cases (management systems and depths), the proportion of aggregates >2000 µm after IW showed the highest decrease ( Figure 1C ). However, this re- barrier to microorganisms' access and prevent soil organic matter degradation (Six et al., 2002) . Tillage breaks macroaggregates and reduces their stability since it aggressively disrupts the soil and exposes soil organic matter fractions to mineralization that would have been otherwise protected within them. These fractions join together microaggregates to form macroaggregates and are responsible for microaggregate re-cycling within the large ones (Six et al., 1998) .
Management practices that reduce soil disturbance and increase soil cover and C input, just like Pp and NT, contribute to soil aggregation and stabilization (Bronick and Lal, 2005; Eiza et al., 2006) . However, Figure 2 shows that there were no significant differences in ΔMWD between CT and NT at any depth.
The results shown in Figure 2 for NT were not expected after so many years under no -tillage (15 yr).
However, those results are consistent with other authors who reported that similar soils under continuous no-tillage after long lasting aggressive management,
were not able to recompose the aggregate stability of their arable layer with the exception of the top 5 cm (Andersen, A., personal communication). in the surface layer with respect to those management systems where soil is tilled (Six et al., 2002; Puget and Lal, 2005) . As reported in the literature (Cambardella and Elliott, 1992; Eiza et al., 2005; Domínguez et al., 2009 ), mineral-associated organic C content was not significantly different among management systems at all three depths. 
Organic carbon in the whole soil
05). Organic matter distribution in aggregate sizes
Particulate organic C content showed different trends for the different layers (Figure 3 ). In the surface layer, POC was significantly higher under Pp than under NT and CT. On the other hand, even though the difference was not significant, NT presented higher POC than CT. These results confirm the high sensitivity of POC to show changes due to management (Álvarez and Álvarez, 2000; Fabrizzi et al., 2003) , especially in the surface layer (Puget and Lal, 2005; Diovisalvi et al., 2008; Domínguez et al., 2009) . Likewise, at 5-20 cm depth, even though differences were not significant, Pp and NT also showed higher POC than
CT. This agrees with the information reported by Di- Higher POC and SOC contents under Pp (Figure 3) could have contributed to its higher aggregate stability at all depths ( Figures 1C and 2) . Eiza et al. (2006) reported a positive significant relationship between POC and aggregate stability index when considering management systems with low soil disturbance (no-tillage and pastures). However, that relationship was not significant when the soil suffered aggressive disturbance (conventional tillage). In this experience, despite the trend to a higher POC content under NT at all three depths (Figure 3) , aggregate stability was not higher than CT and was significantly lower than Pp (Figure 2 ). However, it is worthwhile to recall that NT showed a trend to a higher stability of macroaggregates (>250 µm) than CT in the three layers which resulted in a lower increment of microaggregates after IW ( Figure 1C ). This suggests that higher POC content under NT might also have a different distribution among aggregate size classes than under CT.
Organic carbon in the aggregate size fractions
Relative concentrations of SOC, AOC and POC in aggregate size categories (g C kg -1 soil), showed the same distribution as the aggregate size distribution ( Figure 1 ) for both wetting procedures (data not shown). This had been already reported by other authors (Cambardella and Elliott, 1993; Six et al., 2000a) Total SOC contents in the different aggregate categories after CW ( Figure 4A ) were lower than after IW ( Figure 4B ). Therefore, SOC absolute concentration changes due to the wetting procedure (IW-CW) were positive ( Figure 4C ). Regardless of the size, the aggregates that remained intact after sieving following IW were those with a higher SOC content which resulted in no difference among management systems ( Figure 4B ). The differences in SOC content between IW and CW ( Figure 4C) could be ordered in general Pp < NT < CT at all three depths and for all the aggregate sizes. This could be related to the changes in aggregate size proportions due to IW ( Figure 1C ).
After CW, all aggregate categories (>2000, 250-2000, and 50-250 µm) under Pp and NT showed higher POC content than under CT ( Figure 5A ), although the differences were significant only at 0-5 cm depth.
On the other hand, at 0-5 cm, POC content of the aggregates that resulted from sieving after IW ( Figure   5B ) was higher under Pp and, to a lower extent, under NT. The differences among management systems in POC content were lower at 5-20 and at 0-20 cm depths ( Figure 5B ). Higher POC content in the aggregates >250 µm under
Pp and NT agrees with other authors working under different soil and environmental conditions (Cambardella and Elliott, 1993; Six et al., 1998 Six et al., , 2000b Zotarelli et al., 2007) . This could have been the reason of the small change in aggregate weight of that size between wetting procedures ( Figure 1C ) due to the role of POC on aggregate stability (Six et al., 2000b) .
Pastures and no-tillage tend to increase POC content especially at 0-5 cm (Eiza et al., 2005; Domínguez et al., 2009) (Figure 3 ) and therefore, produce an increment in aggregate stability and SOC accrual (Carter, 2002; Eiza et al., 2006; Domínguez et al., 2008) .
However, even when differing from SOC ( Figure   4 ) and AOC (data not shown), microaggregates (50-250 µm) obtained by sieving after IW showed lower absolute concentrations of POC than those obtained after CW ( Figure 5A and B). Thus, changes in POC concentration in microaggregates between wetting procedures (IW -CW), were mostly negative. This disagrees with the reports of other authors (Cambardella and Elliott, 1993; Six et al., 1998 Six et al., , 2000b .
According to those authors, it was expected that those aggregates that remained intact after IW had higher POC content, as it was observed for macroaggregates (>250 µm) with some exceptions ( Figure 5 ). However, it has also been reported (Six et al., 1998) Cozzoli et al. (2010) . However, the differences IW-CW in AOC concentration (Table 2) were mostly positive and tending to be higher in microaggregates (50-250 µm) than in macroaggregates (>250 µm). Hence, after IW, AOC in microaggregates was in general higher than after CW, indicating that AOC plays a very important role in their stabilization. On the other hand, in microaggregate formation and recycling, POC acts as a nucleus of formation and continues its transformation towards humification (Six et al., 1998) . Despite the breakdown of microaggregates after IW being very small ( Figure 1C 
Conclusion
Aggregate separation by size after different wetting procedures allowed the identification of the effect of contrasting management systems on aggregate size distribution and stability associated with them.
Soil organic C fractionation in aggregate size categories showed that the management systems with less tillage-induced disruption (Pp and NT) did lead to higher SOC and POC contents in the macroaggregates and to increase their stability. This demonstrates that soil condition and C sequestration could be improved through management practices.
However, our results also showed that 15 years under continuous cropping under no-tillage after long lasting cropping under conventional tillage did not equate the soil condition under Pp, suggesting that for these Mollisols the adoption of no-tillage alone would not be enough to fully recover soil properties affected by continuous cropping.
